Evidence from four independent linkage studies and two meta-analyses of genome-wide data support the existence of a locus conferring susceptibility to inflammatory bowel diseases (IBD) in chromosomal region 19p. Identification of a susceptibility allele in this B28.5 Mb region with over 600 genes is a formidable task. To tackle this problem, we undertook two approaches: (1) haplotype-based candidate-gene screen, and (2) evaluation of previously reported associations. For the former, we selected genes with potential implication in IBD pathogenesis based on published functional and expression data, typed SNPs, constructed haplotypes, screened for association in 180 IBD trios, and followed up preliminary associations in 343 IBD patients and 207 control individuals. Overall, we analyzed 465 SNPs, and 260 haplotypes distributed across 56 candidate genes. We found suggestive evidence of association (nominal Po0.01) with four genes (C3, FCER2, IL12RB1, and CRLF1) in a screening stage, but were unable to confirm these preliminary observations at follow-up. In the second approach, we typed four nonsynonymous polymorphisms in genes C3 (R102G and L314P) and ICAM1 (G241R and K469E) in four independent cohorts totaling 2178 IBD cases. We evaluated these data together with previously published reports for three of these variants (C3-Gly102, ICAM1-Arg241, and ICAM1-Glu469), in a meta-analysis. Our pooled meta-analysis provides compelling evidence against association of these variants with disease. Overall, we performed the most comprehensive candidate-gene association study for IBD to date. The information hereby generated constitutes a valuable resource to investigate other common genetic immune diseases, such as celiac disease.
Introduction
The inflammatory bowel diseases (IBD), Crohn's disease (CD) and ulcerative colitis (UC), are complex traits involving both environmental and genetic risk factors. These diseases are characterized by chronic relapsing inflammation of the gastrointestinal tract, and symptoms include diarrhea, constipation, and abdominal pain. The inflammation in CD is transmural and discontinuous, and most often localized to the terminal ileum and colon, and results in fistulas and obstructions. 1 Inflammation in UC, on the other hand is continuous and limited to mucosal layer of the colon and rectum. 2 Linkage studies have revealed at least eight chromosomal regions (ie, IBD1 -IBD8) harboring disease predisposition genes. 3 -7 Given the fact that in many multiplex families there is a mixture of CD and UC patients, it is believed that some susceptibility genes will be specific for CD or UC, whereas others will be in common to both. In a linkage scan of 158 Canadian affected sib-pair families, we identified a linkage peak of genome-wide significance on chromosome 19p (LOD score ¼ 4.6) that appeared to confer susceptibility to both CD and UC. 3 Two independent genome-wide linkage studies also provided supporting evidence for linkage to this region. 4, 5 Moreover, two recent meta-analyses of all published genome-wide scans 6, 7 identified linkage to IBD on 19p. These results suggest the existence of IBD susceptibility allele(s) in this region also known as the IBD6 locus (OMIM 606674). Data from genetic association studies and animal models, as well as gene expression studies, support a view where multiple pathways including apoptosis, immunehoming mechanisms, and bacterial antigens may all act together to produce the IBD phenotypes. 8 -10 Based on this paradigm, examination of the linkage interval on chromosome 19p, which encompasses B28.5 Mb and contains 638 known genes, 11 reveals an especially rich array of candidate genes for susceptibility to IBD. Rather than testing all 638 genes, we conceived a strategy to systematically test the genetic variation characteristic of the most likely candidates for IBD susceptibility, based on functional and expression information. We selected 68 candidate genes in the 19p region by means of literature searches, gene ontology (GO), protein domain comparisons, and gene expression information. Among the functional groups represented in this gene set are: (a) receptors or ligands involved in cell migration/homing, such as CD209 and FCER2, (b) transcriptional regulators of immune function, such as PIASY, (c) cell surface receptors involved in the modulation of inflammatory secondary messengers, such as EDG6, (d) costimulatory molecules for T cells or dendritic cells, such as the cluster of TNF ligands, (e) cytokine receptors, such as IL12RB1, and (f) essential elements of the antimicrobial immune defense system, such as TRIF. Given that these genes were chosen within a region with multiple sources of evidence for linkage to IBD, and based on our current understanding of IBD etiopathology, they are both positional and functional candidates. To comprehensively evaluate the underlying genetic variation for each one of these genes, we constructed haplotypes using SNPs and statistical inference methods that exploit linkage disequilibrium metrics. Haplotypes capture common genetic patterns throughout the genome, thus serving as excellent surrogates for all common genetic variation. 12 Overall, we performed a step-wise association analysis consisting of a screening and a follow-up stage.
During the screening stage, we typed SNPs across the selected candidate-gene regions in a family-based cohort.
We then determined the underlying haplotype structures for these candidate regions, and tested individual SNPs and multi-SNP haplotypes for association with disease. Thus, using a haplotype-based procedure we were able to assess association even at sites that were not necessarily typed. Of note, this study precedes the existence of the International HapMap Project, so that SNP selection was done based on the limited amount of information publicly available in dbSNP build 106 (September 2002). In the later stage of this candidate-gene study, alleles and haplotypes with suggestive evidence of association with IBD were followed up in a population-based cohort.
In addition to the candidate-gene screen, we directly examined four nonsynonymous coding polymorphisms on the C3 (R102G and L314P) and ICAM1 (G241R and K469E) genes, in four independent cohorts that included 2178 IBD cases. Three of these polymorphisms (C3-R102G, ICAM1-G241R, and ICAM1-K469E) had previously published evidence of association with IBD or subsets of IBD. 13 -18 Therefore, we specifically tested for replication of those variants with prior evidence of association, and combined all data in a pooled meta-analysis.
Materials and methods

DNA samples
We analyzed four cohorts of Caucasian origin in this study (cohorts A -D; Table 1 ). In the candidate-gene analysis, we used cohort A (Canadian family trios) for the screening stage, and cohort B (Canadian and Italian cases and controls), for the follow-up stage. None of these samples overlap with those of the previous study that identified this locus 3 as these were no longer available. The Canadian samples in cohorts A and B come from multiple sites in the province of Quebec, and the Italian samples in cohort B were centrally collected at S. Giovanni Rotondo 'C.S.S.' Hospital. The Canadian and Italian case -control populations were combined for analysis to constitute cohort B because of their modest sizes, joint genotyping, and no statistically significant differences between allele frequencies in control individuals (P ¼ 0.37). In order to formally test whether genetic heterogeneity existed between the Quebec and Italian samples (given that these were combined in our analyses) we compared allele frequencies for 14 unrelated markers (separated by a distance greater than 500 kb) typed in all control individuals. Specifically, no genetic heterogeneity was detected (P ¼ 0.37) when control allele frequencies were compared (frequencies for each marker were compared using the w 2 test and P ¼ 0.37 corresponds to the sum of these w 2 comparisons with 14 degrees of freedom).
Selection of candidate genes and SNPs
The selection of the candidate genes across chromosome 19p was carried out using publicly available annotation tools that included PubMed literature surveys, GO information, protein domain algorithms, and mining of microarray expression and tissue distribution data sets, such as the mammalian transcriptome collection by Su et al. 15 Examples of criteria we used to select candidate genes are: using the terms 'gene' and 'inflammation' in a PubMed query followed by manual review of the resulting papers, 'defense response to pathogen' as a process query in GO, proteins with Toll and interleukin 1 receptor domains to query ProSite, or 'chromosome 19' and 'intestine' (tissue expression) to query Unigene.
For SNP selection, each gene locus -including 10 -20 kb beyond the first and last exons -was mined for publicly available SNPs (dbSNP build 105; June 2002). We aimed for a target density of one SNP every 5 kb, and favored SNPs with both alleles present at least twice in different DNAs (ie, double-hit validated). This resulted in the selection of 789 SNPs for genotyping.
Genotyping and assessment of genotyping quality
Samples from cohorts A and B were typed using the Sequenom MassArray system as previously described, 12 and samples from cohorts C and D with the TaqMan allelic discrimination method. 16 Assays were considered successful and genotype data were included in our analyses if they passed the following criteria: a minimum of 75% of all genotype calls were obtained, genotypes did not deviate from Hardy -Weinberg equilibrium (HWE; P40.01), and no more than 0.2% mendelian errors (ME) were observed in family data (Supplementary Table A) . Although the genotyping cutoff was 75%, the average call rate for this data set is 96.8% and the median corresponds to 98% (Supplementary Table A) . SNPs were considered monomorphic and excluded from analysis if o1% of all individuals typed were heterozygous. The observed ME did not cluster in families or gene regions. Of 789 SNPs genotyped, 549 had successful genotyping assays, but only 465 were polymorphic in our populations, and so, were included in this analysis.
Construction of haplotypes and gene-based analysis
We constructed multimarker haplotypes using the expectation maximization 17 statistical algorithm modified to process large data sets using the partition-ligation approach. 18 Of the 465 polymorphic SNPs successfully genotyped, 396 SNPs mapped to gene regions for which at least 75% of the genomic extent (ie, the region that exons and introns span in the genome) of the correspond- 
For analyses with prior evidence of association (ie, evaluation of C3 and ICAM1 polymorphisms), we obtained one-tailed P-values, as replication testing is limited to a single allele or haplotype, and therefore rejection of the null hypothesis (ie, no association) occurs only in one tail of the sampling distribution. Nominal one-tailed P-values were derived as the P-value corresponding to the standard normal cumulative distribution of a Z-score or the square root of a w 2 score. To determine empirical significance of the results, we performed 1000 permutations per gene of the genotype data and compared our association results with the distribution of statistical test results from these permutations. Although none of the putative associations identified in the screen were replicated in our replication cohorts, we performed a directed analysis looking for epistasis with the IBD5 haplotype. This was performed because van Heel et al 21 have reported an epistatic interaction between the CARD15, IBD5, and IBD6 loci, therefore suggesting the potential for greater evidence of association by examining these two together. No interactions between IBD5 and IBD6, or between CARD15 and IBD6, however, were detected in the current data set. It should be noted that van Heel and colleagues examined this question by partitioning linkage data whereas here we looked at the specific alleles in IBD6 region that had putative association with the known IBD5 risk allele/ haplotype.
Meta-analysis
We examined evidence for association of four nonsynonymous polymorphisms: C3-R102G, C3-L314P, ICAM1-G241R, and ICAM1-K469E, in a metaanalysis. In addition to our genotyping data, we evaluated allele frequencies for C3-R102G from one published study, 22 ICAM1-G241R from three, 23 -25 and ICAM1-K469E from five independent reports. 23 -27 We computed a pooled estimate of the odds ratio (OR) using the logit method, and then derived a confidence interval for the OR, as previously described for a series of unmatched casecontrol studies. 28 For trios, we used the relative risk as an estimate of the OR. For extended families constituted by trios and discordant sibling pairs (DSP), and analyzed by the PDT, we formatted the data (ie, parental contributions (transmitted or not transmitted) for trios, and number of siblings (affected or unaffected) for DSP, into 2 Â 2 tables, and then proceeded as in case -control studies. (Figure 1 ). For the screening stage, we selected 68 candidate genes involved in processes such as inflammation, cell migration/homing, and antimicrobial immune defense response (see Supplementary Table B for gene descriptions). We selected 789 SNPs spanning these genes at an average density of 1 SNP every 5 kb and genotyped them in cohort A consisting of 180 IBD trios. Evaluation of genotyping data resulted in 475 SNP assays (61%) that passed quality metrics and were not extremely rare or monomorphic in this population, while 314 SNPs fell in any of the following overlapping groups: had o75% of genotypes (n ¼ 138; 17%), had excessive ME (n ¼ 98; 12%), were not in HWE (n ¼ 77; 10%), did not map unambiguously to the current genome assembly (n ¼ 9; 1%), had o1% heterozygous individuals (n ¼ 166; 21%). Common underlying genetic variation has to be accounted for to thoroughly assess whether a candidate gene is associated with IBD. Thus, we determined that a gene had to meet minimum SNP coverage to be included in this analysis. Thus, minimum coverage was established as reliable SNP assays covering at least 75% of the gene's transcript with a minimum SNP density of 1 per 15 Kb. The 56 candidate genes that met these criteria are listed in Supplementary Table B .
Results
Candidate genes and polymorphisms
Evidence for linkage to
Screening stage
We constructed haplotypes using the genotypes of individuals in cohort A (example in Figure 2 ). On average, we observed 1.3 haplotype blocks (as defined in Gabriel et al 12 ) per gene; each block with 3.4 SNPs and B3.6 common haplotypes (ie, frequency 41%). We tested for association to IBD on both individual alleles and multiallelic haplotypes, using the TDT and permutation analysis. Since the strength of association for a potential causal allele was unknown, we set relaxed thresholds for suggestive evidence of association: permuted Po0.05 or asymptotic Po0.01. Although a number of false positives were expected from this preliminary assessment, the built-in replication in our study design aimed to eliminate spurious associations. One haplotype on CRLF1 (permuted P ¼ 0.014; asymptotic P ¼ 0.001), and three alleles on FCER2 (permuted P ¼ 0.046; asymptotic P ¼ 0.005), IL12RB1 (asymptotic P ¼ 0.006), and C3 (asymptotic P ¼ 0.007), respectively, showed excessive transmission to affected probands (Table 2) , which constituted suggestive evidence for association as defined by our thresholds.
Replication stage
We were therefore interested in testing whether we could replicate the putative association of the four genes identified in the initial screen, by testing for Figure 1 Overview for candidate-gene screen. The screen consisted of two stages: (1) screening of SNPs within and around loci bearing genes potentially involved in the pathogenesis of IBD for diseases association in IBD-affected family trios; and (2) replication of preliminary associations in IBD patients and controls. Orphan SNPs refers to those SNPs that fall within a gene locus that did not satisfy minimum SNP coverage criteria (see text), and therefore were analyzed separately, and not as part of a candidate gene. Abbreviations: HWE, Hardy-Weinberg Equilibrium; ME, mendelian errors; HTZ, heterozygous individuals; see Materials and methods for a complete definition.
association in an independent set of IBD samples. Specifically, we typed the five SNPs representing the alleles and/or haplotypes putatively associated in our screen (Table 2) in an independent set of 343 IBD cases and 207 controls (cohort B). The SNPs were chosen as they were the actual SNPs with putative evidence for association in the screening stage either in a single-or multiple-marker test. Although we tested the exact same SNP or haplotype, none had significant evidence of replication (Table 2 ). 
Evaluation of published putative associations
In a parallel effort to identify IBD susceptibility alleles in the 19p region, we evaluated two genes (C3 and ICAM1) in this region for which putative associations had previously been reported in the literature.
C3 An association between C3 and CD was reported over two decades ago, 22 but was never confirmed through replication. Specifically, a phenotypic C3 variant characterized by a faster migration rate in gel electrophoresis compared to its alternative allelic form was reported to be associated with CD. This phenotypic variant was later found to be encoded by the Gly-102 allele of the nonsynonymous R102G polymorphism. 29 We noted that a second nonsynonymous polymorphism, L314P, was located 5 kb from R102G. We determined that these two SNPs are in strong LD with one another (D 0 ¼ 0.9 and r 2 ¼ 0.77 between Gly-102 and Pro-314) and therefore concluded that L314P was an equally likely candidate. We typed both SNPs in four independent cohorts: A (180 family trios), B (347 cases and 207 controls), C (851 extended families), and D (288 trios; 537 cases and 837 controls). We observed modest but significant association between Gly-102 and IBD (one-tailed P ¼ 0.016) or CD (one-tailed P ¼ 0.034) in cohort C. In addition, association between Pro-314 and IBD was found in cohort A (asymptotic P ¼ 0.026), and between Pro-314 and CD in cohorts A (asymptotic P ¼ 0.037), and B (asymptotic P ¼ 0.034). Importantly, although not reaching statistical significance, similar trends of association for both variants with both IBD and CD were observed in cohorts A -C. This trend was not observed in cohort D, and in fact, association was observed for the alternate alleles of these variants (Table 3) . Overall, meta-analysis of all four cohorts together did not support association of either C3 variant with IBD, CD, or UC ( Figure 3 ).
ICAM1
Three studies reported putative association of the Gly-241 allele of the ICAM1-R241G polymorphism, with IBD or subsets of IBD patients, at various degrees of statistical significance 23 -25 Similarly, claims of association were made for ICAM-K469E: two studies found association of Glu-469, 25 ,26 a third study pointed Lys-469 as the associated allele, 27 and two more studies found no association with either allele. 23, 24 To evaluate whether these two polymorphisms are associated with IBD, we typed them in our cohorts: G241R in cohorts A -D totaling 2178 IBD cases, and K469E in cohorts A and B, totaling 523 IBD cases. We found modest evidence for association of the Arg-241 allele with CD in 475 cases from cohort C (one-tailed P ¼ 0.022; Table 3 ); however, we also found evidence favoring association of the alternate Gly-241 allele with CD in 355 cases from cohort D (one-tailed P ¼ 0.024; Table 3 ). Meta-analysis of all four cohorts did not support association of the G241R polymorphism with IBD, CD, or UC ( Figure 3) .
As for the K469E polymorphism, we did not find evidence of association of the Glu-469 with IBD or CD, and found only marginal evidence for association with UC in 92 cases from cohort B (one-tailed P ¼ 0.05; Table 3 ). The combined analysis of cohorts A and B did not support association of this polymorphism with IBD, CD, or UC ( Figure 3 ).
Meta-analysis
To increase the statistical power of our association analysis for the C3 and ICAM1 polymorphisms, we combined our genotyping data with all the published reports in a pooled meta-analysis (Figure 3 ). Meta-analysis of 2303 IBD cases obtained after combining our four cohorts (Table 1 ) with the cohort studied by Elmgreen et al, 22 did not support association of the C3-R102G polymorphism with IBD, CD, or UC. Similarly, metaanalysis of the ICAM1-G241R polymorphism in 3113 IBD cases resulting from combining our four cohorts with those analyzed in three published studies, 23 -25 did not support association of this variant. Finally, meta-analysis of 1308 IBD cases, including two of our cohorts (A and B) and five prior studies, 23 -27 did not provide evidence for association of the ICAM1-K469E polymorphism with IBD, CD, or UC.
Discussion
The genetic analysis of common, multifactorial diseases, such as IBD, has proven to be a challenging task. Eight chromosomal regions or linkage peaks potentially conferring susceptibility to IBD have been identified over the past decade. Our challenge was to identify the genetic variation responsible for IBD susceptibility in the IBD6 locus, a B28.5 Mb linkage peak on chromosome 19p containing over 600 genes. Viable methods to achieve our goal included comprehensive association mapping across the entire region and candidate-gene association. 30 Given our finite sample sizes (Table 1) , and technical (hence cost) limitations to cover such large chromosomal region, we chose a candidate-gene approach. We exploited the characteristics of our cohorts without sacrificing statistical power by implementing a two-stage study design. First, we used a family-based cohort to screen the candidate-gene variants, thus protecting against genetic stratification. Second, we used a case -control cohort with larger size to confirm preliminary associations. The screening stage of this approach primarily produced the most likely candidates for association with IBD among 56 functional candidate genes analyzed. However, our screening cohort had relatively modest power to confidently discard false negatives (for instance, the power to rule out association for a variant such as C3-L314P, which is present in B15% of the general population, was only about 50%). To accommodate this limitation, we relaxed the statistical threshold for suggestive association in our primary screen (ie, asymptotic Po0.01). We anticipated that this measure would result in a higher number of false positives than if we had used a more stringent cutoff. Accordingly, we included a built-in replication in our study design to discard false positives as spurious associations with at least 95% certainty, based on power calculations for the size of our replication cohort. 31 In the screening stage we obtained preliminary evidence for association of four independent genetic variants (ie, three alleles and one multimarker haplotype). We attempted to replicate these suggestive findings in an independent cohort of 343 cases and 207 controls; however, we did not find any supporting evidence of association and therefore concluded that these are likely to have been false-positive results.
In addition, we attempted to specifically replicate the two previously published putative associations to genes in this region: C3 and ICAM1. This was carried out by testing for association in a total of 2178 IBD cases, however, no convincing evidence of association was observed. Combining our data with the published results also failed to provide evidence of association of either C3 or ICAM1 with CD, UC, or IBD. Several reasons that may explain the failure to replicate genetic association studies, including allelic heterogeneity, true variation in disease association between populations, modifying genetic and/or environmental factors, statistically underpowered small sample sizes, and a low prior probability of obtaining a true result. The most parsimonious explanation, given our experimental design, for the lack of replication of our initial putative association results would be fortuitous initial false-positive results. Specifically, the experimental design that we chose for the current study was based on power calculations for alleles of various frequency (5 -30%) and risk ratios (2 -4) that would be consistent with the magnitude of linkage (l s ¼ 1.35) seen in our original scan of 158 affected sibling pairs (LOD 4.6) and what probably constitutes a more accurate, modest picture of significant linkage (l s ¼ 1.13) in two large meta-analyses of IBD genome-wide linkage scans. 3, 6, 7 These models justified the use of a cost efficient, modestly sized, multistage association study -certainly not an approach recommended for most susceptibility alleles that have typically given more modest evidence of linkage. The failure of the current study to identify significant association in this region of strong linkage would therefore suggest that our candidate-gene selection strategy failed to identify the appropriate gene and/or the causal allele(s) are significantly more modest than predicted and were not detected in the initial screen. Given these results, as well as the recent advances in our knowledge of the haplotype patterns across most of the genome and powerful approaches to select informative SNPs 32 -34 for powerful association studies, the next step in our examination of the IBD6 locus will likely entail screening a much larger set of samples with a dense set of SNPs across the entire locus. Finally, although the current effort did not identify genetic variation explaining IBD6, we hope that the data presented here (alone and in conjunction with HapMap), will be useful in the study of other related genetic diseases, such as celiac disease, another inflammatory disease with a linkage peak also mapping to the 19p region. 35 Databases and links to software 
